We consider two-dimensional weakly-bound heterospecies molecules formed in a Fermi-Bose mixture with attractive Fermi-Bose and repulsive Bose-Bose interactions. Bosonic exchanges lead to an intermolecular attraction, which can be controlled and tuned to a p-wave resonance. Such attractive fermionic molecules can be realized in quasi-two-dimensional ultracold isotopic or heteronuclear mixtures. We show that they are stable with respect to the recombination to deeply-bound molecular states and with respect to the formation of higher-order clusters (trimers, tetramers, etc.) One of the most paradigmatic examples of a topological quantum system is the p x + ip y superfluid phase, realized experimentally in superfluid 3 He [1] and possibly in superconducting Sr 2 RuO 4 [2]. In spite of these observations, there is a constant search for more robust and controllable setups, which would give a better access to the interesting topological properties of this nontrivial phase [3, 4] , Majorana modes, non-Abelian vorticies, and, eventually, to the topologically protected quantum computing [5] . Ultracold gases make a promising platform for this search because of their purity, controllability, and successful past performance, particularly resulted in the comprehensive characterization of the crossover from the weakly-attractive BCS to strongly-attractive BEC swave pairing for two-component fermions in both three and two dimensions [6-10].
The analogous crossover for spinless fermions with pwave attraction is expected to be fundamentally different and more challenging for both theory and experiment. By using a variational BCS-type ansatz it has been shown that with increasing the attraction the system should cross a transition from the weakly-coupled topological p x + ip y phase to the topologically trivial strongly-coupled phase of dimers (see [11] for review). However, inclusion of three-body and possibly higherorder correlations may significantly modify this picture [12] [13] [14] [15] [16] [17] . From the experimental side, in spite of the availability of p-wave Feshbach resonances for fermionic alkali atoms [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , these systems suffer from enhanced threebody losses coming from the fact that the two-body wave function near a p-wave resonance is localized at short interparticle distances where the pair is "preformed" and can easily recombine to deeper molecular states as soon as the third particle comes nearby [12, 13, 29] . Reaching the p-wave superfluidity while keeping inelastic losses under control is one of the most challenging problems in the field [30] [31] [32] [33] [34] [35] [36] [37] .
The inelastic decay can be suppressed, if the support of the p-wave attraction extends much beyond the recombination region. A remarkable experimental demonstration of this phenomenon, although not for identical fermions, is the strong and recombination-free p-wave attraction between 40 K atoms and weakly-bound 40 K- 6 Li molecules, driven by the Li atom exchange [38] . Here, the range of the atom-molecule potential, comparable to the size of the molecule, is much larger than the interatomic van der Waals range, which determines the recombination region. The idea of separating the two scales is also compatible with numerous recent theoretical proposals of achieving the p-wave pairing by immersing identical fermionic impurities into a Bose or Fermi gas of another species, the attraction between the impurities being generated by exchanges of phonons or particle-hole excitations in the host gas [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] .
In this Letter we consider weakly-bound twodimensional Fermi-Bose molecules and investigate their scattering properties. We show that these composite fermions experience a p-wave attraction, which strengthens with the Fermi-Bose mass ratio m F /m B and weakens with the ratio of the Bose-Bose (BB) to Fermi-Bose (FB) scattering length a BB /a FB . A finite BB repulsion is necessary to avoid the formation of Fermi-Bose-Bose (FBB) and higher-order clusters in collisions of two or larger number of molecules. We find that under current experimental conditions the attraction between molecules can be made sufficiently strong and their lifetime sufficiently long for observing the p-wave pairing, particularly, in the quasi-two-dimensional isotopic 39 K-40 K mixture.
The mechanism of the molecule-molecule attraction can be understood from the following qualitative arguments. Consider two identical fermions interacting with a third atom (boson) via a zero-range potential characterized by a positive scattering length a FB . The exchange of the boson leads to an effective attractive interaction, which is inversely proportional to the boson mass m B . On the other hand, the antisymmetry of the fermionic wave function imposes an effective centrifugal repulsion [60] , which is consistent with the factor of two reduction of the centrifugal barrier. Below these mass ratios the system is characterized by an atom-dimer attraction in the p-wave channel, like the one observed experimentally in the three-dimensional mixture of 40 K atoms and 40 K- 6 Li molecules [38, 61] .
Let us now consider two FB molecules (FFBB system), for the moment neglecting the BB interaction. Then, the presence of the second boson approximately doubles the exchange attraction and we expect a p-wave moleculemolecule resonance to appear at a roughly twice lower mass ratio than in the FFB case. One can immediately notice a few problems with this picture, particularly in the three-dimensional case where the FBB subsystem is Efimovian [62, 63] and, therefore, features a ladder of FBB trimer states and an enhanced local threebody FBB correlator. Both these factors make molecules prone to inelastic losses. Although there may be a way to minimize losses [64] , we prefer to turn our attention to the (non-Efimovian) two-dimensional case. According to the above estimates we expect the molecule-molecule p-wave interaction in this case to become resonant for m F /m B ∼ 1 offering a possibility to study effects of strong p-wave interaction in accessible isotopic mixtures.
In the rest of the paper we focus on the cases m F /m B = 1 and m F /m B = 2 and discuss three main issues: energetic stability of two-or few-molecule collisions with respect to the formation of clusters of the type F N B M , determination of the molecule-molecule scattering properties, and application of our results to realistic quasitwo-dimensional setups with a discussion on the relaxation losses.
A low-energy collision between two molecules can result in the creation of FFB or FBB trimers. Their energies in two dimensions have been calculated for any mass ratio in the absence of the BB interaction [60] (see also [65, 66] ). The FFB trimer does not exist for the mass ratios that we consider. By contrast, the FBB trimer exists and, moreover, its energy is always below the molecule-molecule collision threshold 2E FB , where
, and we set = 1. However, we show (see Fig. 1 ) that already a weak BB repulsion (a BB /a FB > 7.65 × 10 −9 for m F /m B = 1 and a BB /a FB > 3.2 × 10 −22 for m F /m B = 2) is sufficient to push the FBB trimer up and thus make its formation energetically forbidden in low-energy molecule-molecule collisions.
Three-molecule collisions can, in principle, result in the formation of the fermion-rich FFFB and FFFBB and boson-rich FBBB and FFBBB clusters. The FFFB tetramer is not bound [67] and we find no FFFBB pentamer for the considered mass ratios. By contrast, the boson-rich clusters exist and we show their groundstate energies in Fig. 1 (FB M and F 2 B M clusters have, respectively, zero and unit angular momenta). We observe that as long as the trimer-formation channel FB+FB→ FBB+F is energetically closed, the reaction FB+FB+FB→FBBB+F+F is also energetically forbidden. However, the reaction FB+FB+FB→FFBBB+F requires a stronger BB repulsion to become energetically forbidden. The corresponding critical ratios a BB /a FB for m F /m B = 1 and m F /m B = 2 equal 8 × 10 −6 and 1.4 × 10 −5 , respectively. The conclusion is that in this two-dimensional model, for a sufficiently strong BB repulsion, two-and three-molecule collisions are elastic. We attribute the relatively small critical values of the BB interaction to the approximate balance between centrifugal and boson-exchange forces for the considered mass ratios. The analysis of inelastic channels in N -molecule collisions with N > 3 can be performed along the same lines, but requires quite heavy calculations of higher-order clusters. We leave this task for future work.
The bound-state energies presented in Fig. 1 are calculated by the Stochastic Variational Method (SVM) in free space [68] . We use Gaussian FB and BB interaction potentials ∝ exp(−r 2 /2r 2 0 ) (attractive for FB and repulsive for BB) with the prefactors tuned to reproduce the desired a FB and a BB . The range is chosen to be r 0 = 0.003/ m F |E FB |. In order to check universality of the results, we have also performed additional runs with r 0 m F |E FB | = 0.006 and 0.012; we estimate the relative error for the cluster energies presented in Fig. 1 to be at most 1%. Our result for E FBB is in agreement with Ren and Aleiner [69] who have calculated and established universality of this quantity in the mass-balanced case, although in a narrower window of a BB /a FB .
Our calculations of the FFBB system are consistent with the qualitative guess that the p-wave moleculemolecule resonance should appear for m F /m B ∼ 1. Indeed, we find one tetramer state for m F /m B = 2 and observe how it gets pushed into the molecule-molecule continuum by the BB repulsion for a BB /a FB > 1.1×10 −5 (see Fig. 1b ). Although no FFBB tetramer state is found in the mass-balanced case, we anticipate a significant pwave molecule-molecule attraction there, which is interesting for the realization of the topologically nontrivial (weakly-coupled) p x + ip y phase. We will now discuss scattering properties of the molecules.
The physical range of the molecule-molecule interaction is a FB and, for small relative momenta k 1/a FB , the scattering is characterized by the p-wave scattering surface S and effective range ξ defined through the effective-range expansion of the scattering phase shift [70] − π cot δ(k) = 4
In order to find these parameters we calculate the energy of the FFBB system in an isotropic harmonic potential of frequency ω and use the relation between the phase shift δ and the spectrum for two trapped parti- cles (in our case FB molecules) derived by Kanjilal and Blume [71] . The idea is that for intermolecular distances ρ a FB l 0 = 1/ (m F + m B )ω the trapping potential can be neglected. Therefore, the relative radial wave function just outside the molecule-molecule interaction range should be the same for the free-space solution, written in terms of Bessel functions J 1 (kρ) − tan δ(k)N 1 (kρ), as well as for the trapped solution, proportional to a proper (decaying at large ρ) combination of confluent hypergeometric functions. The matching condition for ka FB 1 reads
where ψ is the digamma function. Eliminating δ from Eqs. (1) and (2) and introducing F (x, y) = xψ(1 − x/2y) + y + x ln(2y) we arrive at the equation
We emphasize that Eq. (3) does not solve the Schrödinger equation at ρ a FB . It just relates the unknown scattering parameters S and ξ to the radial spectrum in the trap, which we calculate by the four-body SVM.
More specifically, we calculate the ground-state energy E FB and the four-body spectrum E FFBB as a function of the oscillator length l 0 for fixed m F /m B , a FB , and a BB . The squared scattering momentum Fig. 2 . The full and hollow symbols correspond, respectively, to the ground and first radially excited state of the relative moleculemolecule motion. The solid lines are linear fits to the data, from which we extract S and ξ. As expected, ξ ∼ a FB , but S can become large, signaling a strong p-wave interaction, attractive for S < 0. In the mass-balanced case for small a BB /a FB we observe a deviation from the linear behavior which we attribute to the proximity of the FB-FB and F-FBB scattering thresholds (cf. Fig. 1) . Figure 3 shows a 2 FB /S as a function of a BB /a FB for the two mass ratios. The result is obtained for two molecules and in order to avoid cluster formation in three-molecule collisions we need a BB /a FB to be larger than ≈ 10
for both mass ratios. Nevertheless, even with this constraint we can access the resonance for m F /m B = 2 and reach S ≈ −3a 2 FB in the mass-balanced case, which is practically large given that a FB is a controllable quantity much larger than the atomic interaction range. To give an idea for the value of the p-wave superfluid gap in a gas of such molecules, we cite the zero-temperature [70] , where k F is the Fermi momentum. There are, of course, other observables, which should be influenced by such a strong p-wave attraction: thermalization rate, mean-field interaction shift, virial coefficients, collective-mode frequencies, etc. Some of these observables are universally related through two p-wave contacts, corresponding to S and ξ [72, 73] .
Favorable conditions for our proposal are provided by the isotopic 40 K-39 K mixture. Indeed, near the 39 K-39 K Feshbach resonance at 26G [74, 75] one can tune the three-dimensional BB scattering length in a wide range, whereas the Fermi-Bose scattering length a (3D) FB ≈ −20nm [76] . To connect the three-dimensional scattering lengths to the effective two-dimensional ones we use the relation [77] 
Then, assuming a quasi-two-dimensional confinement of ≈ 2π×160kHz corresponding to the oscillator length l ⊥ = 40nm and taking a (3D) BB = 7nm, we obtain a FB = 1µm and the ratio a BB /a FB = 7 × 10 −5 . Equation (4) requires |a (3D) | l ⊥ or exponentially large or small a (2D) /l ⊥ .
• The applicability of our two-dimensional model in the considered example is ensured by the small parameter l ⊥ /a FB = 0.04, equivalent to the condition that all characteristic energies are much smaller than the level spacing in the confinement direction.
The main inelastic mechanism for quasi-twodimensional molecules is the FBB relaxation in molecule-molecule collisions during which two bosons approach one of the fermions to distances comparable to the van der Waals range (a few nanometers) where they recombine into deeply bound molecules. We neglect the FFF, FFB, and BBB relaxation channels. The first two are suppressed by the Pauli exclusion, and the BBB relaxation should be comparable in rate or slower than the FBB relaxation because of the repulsive BB interactions.
In order to estimate the FBB relaxation rate let us assume the (worst) case of closely packed molecules with density ∼ 1/a 2 FB . This means that in the direct vicinity of a given molecule, i.e., at distances ∼ a FB , another boson is found with unit probability. At distances ρ, such that a BB l ⊥ ρ a FB , interactions are weak and the longitudinal part of the three-body FBB wave function is well described by the Jastrow product of the two-body factors
where ρ FBi is the longitudinal distance from the fermion to the i-th boson and ρ BB is the distance between the bosons. Substituting ρ FB1 ∼ ρ FB2 ∼ ρ BB ∼ ρ in Eq. (5), defining the probability density P (ρ) = |Ψ(ρ)| 2 , and using Eq. (4) we find that the ratio
4 , indicating an enhancement (compared to the case of no interaction at all) of the probability to find three atoms at distances ρ ∼ l ⊥ . Accordingly, in order to find the absolute probability we should multiply P (l ⊥ )/P (a FB ) by the volume factor (l ⊥ /a FB ) 4 , where the exponent 4 is the dimension of the three-body configurational space excluding the center of mass. Since the volume factor is exponentially small compared to the interaction enhancement factor, keeping the latter is exceeding the accuracy. We keep it to show the reasoning.
Once the three atoms are at distances l ⊥ they behave as three dimensional and recombine with the rate ∼ (1/ml 
FB ] −2 /m ∼ |E FB |. We see that the reduced dimensionality plays a very important role here, enhancing the good-to-bad collision ratio. To the above analysis one can also add an important argument of Ref. [29] , relevant when the typical separation between molecules is much larger than their size. Namely, at the p-wave resonance the molecule-molecule relative wave function is ∝ 1/r 2 in three and ∝ 1/r in two dimensions. Accordingly, the normalization integral in the former case diverges at small r whereas in the latter the divergence is only logarithmic, significantly reducing the local twomolecule correlator.
